Objective: Physiologic alterations during rapid sequence intubation (RSI) have been studied in several emergency airway management settings, but few data exist to describe physiologic alterations during prehospital RSI performed by ground-based paramedics. To address this evidence gap and provide guidance for future quality improvement initiatives in our EMS system, we collected electronic monitoring data to evaluate peri-intubation vital signs changes occurring during prehospital RSI. Methods: Electronic patient monitor data files from cases in which paramedic RSI was attempted were prospectively collected over a 15-month study period to supplement the standard EMS patient care documentation. Cases were analyzed to identify peri-intubation changes in oxygen saturation, heart rate, and blood pressure. Results: Data from 134 RSI cases were available for analysis. Paramedic-assigned prehospital diagnostic impression categories included neurologic (42%), respiratory (26%), toxicologic (22%), trauma (9%), and cardiac (1%). The overall intubation success rate (95%) and first-attempt success rate (82%) did not differ across diagnostic impression categories. Peri-intubation desaturation (SpO 2 decrease to below 90%) occurred in 43% of cases, and 70% of desaturation episodes occurred on firstattempt success. The incidence of desaturation varied among patient categories, with a respiratory diagnostic impression associated with more frequent, more severe, and more prolonged desaturations, as well as a higher incidence of accompanying cardiovascular instability. Bradycardia (HR decrease to below 60 bpm) occurred in 13% of cases, and 60% of bradycardia episodes occurred on first-attempt success. Hypotension (systolic blood pressure decrease to below 90 mmHg) occurred in 7% of cases, and 63% of hypotension episodes occurred on first-attempt success. Peri-intubation cardiac arrest occurred in 2 cases, one of which was on first-attempt success. Only 11% of desaturations and no instances of bradycardia were reflected in the standard EMS patient care documentation. Conclusions: In this study, the majority of peri-intubation physiologic alterations occurred on first-attempt success, highlighting that first-attempt success is an incomplete and potentially deceptive measure of intubation quality. Supplementing the standard patient care documentation with electronic monitoring data can identify unrecognized physiologic instability during prehospital RSI and provide valuable guidance for quality improvement interventions.
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INTRODUCTION
Rapid sequence intubation (RSI) of severely ill or injured patients is a critical intervention performed in various emergency care settings, including the out-of-hospital environment. Although RSI facilitates definitive airway control to protect against aspiration and establish adequate oxygenation and ventilation, the procedure also creates a risk for significant peri-intubation physiologic alterations including oxygen desaturation, cardiac dysrhythmias, and significant hemodynamic changes (1, 2) . Such physiologic derangements have been associated with increased morbidity and mortality in patients with some types of acute pathology (3) (4) (5) (6) (7) (8) , and can increase the risk of peri-intubation cardiac arrest in unstable patients or 1 patients with comorbidities (1, 9, 10) . Consequently, prehospital RSI remains a subject of controversy and is presently outside the scope of practice in many North American EMS agencies (11) .
Numerous papers have described the observed incidence of physiologic alterations during emergency RSI (9, 10, . However, due to significant differences in clinical setting, provider level, and case mix, a minimal amount of the existing literature is directly applicable to EMS systems with paramediclevel providers performing RSI in both medical and trauma patients. Most studies describing physiologic alterations during emergency intubation have been conducted in an emergency department or in-hospital setting (9, 10, 12, 15, 17, 21-24, 27, 29-40) . The existing prehospital literature largely reflects experience outside the United States where intubation was usually performed by physicians (18, 19, 25, 26, 28, 31) . The few studies reporting on paramedic-performed RSI either describe air-medical experience or focus exclusively on traumatic brain injury (TBI) patients (13, 14, 16, 20) . Thus while the potential physiologic sequelae of emergency RSI are well established, the existing literature provides minimal insight into the frequency and magnitude of various physiologic alterations that may be expected during prehospital RSI performed by groundbased paramedics. To address this evidence gap and provide guidance for future RSI quality improvement initiatives in our EMS community, we prospectively collected electronic monitoring data to evaluate periintubation physiology and vital signs alterations occurring during prehospital paramedic-performed RSI.
METHODS

Setting
Spokane County spans an area of 1,781 square miles and has a population of approximately 500,000 citizens distributed across urban, suburban, and rural areas. Emergency Medical Services are provided by 19 Fire Department first-responder agencies operating non-transport vehicles, and three ambulance transport services providing additional 9-1-1 response and all ground transport (approximately 47,000 transports annually) within the county. The present study involved the largest Fire Department, serving the city of Spokane (population 210,000), and the largest ambulance response/transport agency, serving the entire county. These two EMS agencies perform the substantial majority of prehospital RSI procedures in Spokane County. Vehicles for both participating agencies are staffed by teams of one or more EMTs and at least one paramedic.
An RSI protocol has been in place in Spokane County EMS since 1996, permitting paramedics to perform RSI for the indications of 1) airway protection for a patient with decreased level of consciousness (GCS ࣘ 8), facial trauma, airway burns, excessive secretions or other airway compromise, or 2) respiratory failure with inability to oxygenate or ventilate adequately by less invasive means. Online medical direction is available but not required prior to attempting intubation. Of roughly 550 prehospital intubations performed annually, approximately a third are RSIs.
As a part of agency Ongoing Training and Evaluation Programs, all paramedics receive advanced airway management education and procedural training annually, comprising computer-based, classroom, and psychomotor instruction. Approximately 180 paramedics are employed across the two participating agencies, and the average paramedic performs three to four prehospital intubations annually. New paramedics in the county are required to perform at least 12 successful prehospital intubations in their first 3-year cycle of certification, and must make up any shortfall in the operating room. Thereafter, paramedics are required to perform at least 6 successful intubations every 3-year cycle. Prior to each recertification, a paramedic must also demonstrate procedural proficiency in a manikin-based simulation to the satisfaction of the Medical Program Director.
RSI is primarily performed using etomidate and succinylcholine for sedation and paralysis, respectively. Midazolam and rocuronium are available if either primary agent is contraindicated or unavailable. Lidocaine is used by protocol in addition to these agents in cases of suspected acute brain injury. Pre-oxygenation modalities include non-rebreather mask and bag-valve mask ventilation; during our study period neither apneic oxygenation nor bag-valve mask PEEP valves were in use. Intubation is predominantly accomplished via direct laryngoscopy; the participating fire department also has video laryngoscopes available in their airway kit. Supraglottic airway devices are available for use as primary or rescue airways.
Data Collection
The present study was a retrospective analysis of data prospectively collected between December 2013 and March 2015 as part of the ongoing quality improvement program in Spokane County EMS. The study was IRB-approved with waiver of the requirement for written informed consent. Beginning in December 2013, we began collecting monitor/defibrillator (LIFEPAK 15, Physio-Control, Inc., Redmond, WA) electronic data files to supplement the standard patient care report documentation for cases in which advanced airway interventions were performed. The ending date for the present analysis was determined by the timing of an upcoming airway management training session and the desire to incorporate pertinent insights from these data into that educational activity. We included all cases of RSI attempted by the participating agencies for which an electronic monitor file had been downloaded. Excluded were cardiac arrest patients receiving RSI as a component of post-arrest management. RSI was defined as administration of a paralytic agent prior to attempted tracheal intubation.
EMS patient care reports (Multi EMS Data System [MEDS] electronic patient care reporting [ePCR] system, American Medical Response, Greenwood Village, CO) were retrospectively reviewed to abstract pertinent patient data along with EMS response and treatment details. Data abstraction was performed by a single author trained on use of the MEDS ePCR system and with substantial experience using this system as both an EMS data analyst and EMS provider. Data abstracted from each patient care report included patient age, gender, estimated weight, chief complaint, the prehospital diagnostic impression assigned by the treating paramedic, times and details of all medications and procedures, transport interval, any noted airway complications, and all manually documented vital signs. For the purpose of uniform documentation, an intubation attempt is defined in our system as advancing the laryngoscope blade past the teeth with the intent of visualizing the glottis. Electronic monitoring data files were automatically synchronized to an atomic clock during the download process, and transferred into commercial data review software (CODE-STAT 10 Data Review, Physio-Control, Inc., Redmond, WA). Raw waveform and vital signs data (ECG, pulse oximetry, capnography, and noninvasive oscillometric blood pressure) were exported into specialized software (MATLAB Release 2015a, MathWorks, Natick, MA) for further analysis.
Measurements and Data Analysis
We assessed each case for peri-intubation changes in oxygen saturation (SpO 2 ), heart rate (HR), and systolic blood pressure (SBP). SpO 2 values were obtained via peripheral (finger) pulse oximetry and were trended by the monitor at 30-second intervals, with additional intermittent values recorded in conjunction with device alarms and actions such as event marking, printing, and automated blood pressure measurement. Peri-intubation oxygen saturation measurements were made as follows. Since capnography is a standard and required component of advanced airway placement confirmation in our system, we identified the time of successful airway placement by the appearance of persistent physiologic CO 2 waveform data and end-tidal CO 2 measurements in the electronic monitor file (13, 20, 31) . We then noted any oxygen desaturation during the period from 5 minutes before until 2 minutes after successful airway placement. We defined desaturation as a decrease in SpO 2 to below 90%, or a decrease of greater than 10% if the initial value was below 90% (18, 19, 25) . We further defined severe desaturation as a decrease in SpO 2 to below 80%, or a decrease of greater than 20% if the initial value was below 90%. The initial pre-intubation SpO 2 was measured as the maximum SpO 2 value observed in the 5 minutes preceding the onset of a peri-intubation desaturation if present, or preceding airway placement success if no desaturation was present. For cases in which the time of induction documented in the patient care report preceded airway placement success or the onset of desaturation by more than 5 minutes, we also assessed for maximum SpO 2 in a 4 minute interval straddling the documented time of induction. The SpO 2 nadir was measured as the lowest value observed between the initial pre-intubation value and the time of successful airway placement. To account for potential latency in the peripherallymeasured SpO 2 , we extended the SpO 2 observation interval for 2 minutes after airway placement success (20) . The duration of desaturation was measured as the interval between the first SpO 2 reading below 90% (or the first decrease below pre-intubation SpO 2 if initial SpO 2 was below 90%) and recovery to an SpO 2 of at least 90% (or recovery to the pre-intubation level if initial SpO 2 was below 90%).
Continuous HR data were derived via postprocessing of the continuous ECG signal. Preintubation baseline HR was measured at the time point of the pre-intubation SpO 2 maximum. We defined periintubation bradycardia and profound bradycardia as decreases in HR to below 60 bpm and 40 bpm, respectively. To assess blood pressure responses to RSI, we included both manually-performed measurements and automated oscillometric measurements performed by the monitor. Hypotensive and hypertensive responses were defined as decreases and increases, respectively, in SBP of greater than 20%, measured between the last pre-intubation measurement and the first post-intubation measurement (26, 31) . Absolute hypotension was defined as a SBP below 90 mmHg. Pre-intubation shock index was calculated as the ratio of HR to SBP, as measured at the time of the last preintubation SBP measurement. Peri-intubation cardiac arrest was defined as patient deterioration requiring initiation of cardiopulmonary resuscitation during the RSI attempt or within 10 minutes following successful airway placement (10, 30) .
Statistical Analysis
Continuous data were summarized as mean (SD) or median (25th, 75th percentile). Comparisons were performed with the Mann-Whitney U test for continuous data and chi-square for proportions (Minitab 16, Minitab, Inc., State College, PA). All tests were twotailed, with p < 0.05 considered statistically significant.
RESULTS
Patient and Airway Management Process Characteristics
From the 15-month study period, a total of 134 cases were available for analysis ( Figure 1 ). Patient and airway management process characteristics are described in Table 1 . Based on the primary impression documented in the EMS patient care report, the paramedic-assigned prehospital diagnostic category was neurologic in 42% of cases, respiratory in 26%, toxicologic in 22%, trauma in 9%, and cardiac in 1%. Nine of the 35 respiratory patients failed CPAP prior to RSI. Successful tracheal intubation was achieved in 95% (n = 127) of cases. Success was achieved on the first laryngoscopic attempt in 110 cases (82%), by the second attempt in 125 cases (93%), and on the third attempt in the remaining 2 cases. All 7 intubation failures were rescued via placement of a supraglottic airway device after 2 (n = 4), 3 (n = 2), or 4 (n = 1) failed intubation attempts. There were no significant differences across prehospital diagnostic categories in first-attempt (p = 0.74) or overall (p = 0.66) intubation success.
Peri-intubation Oxygen Saturation
Twenty-four cases exhibited loss of SpO 2 monitoring during the peri-intubation interval, preventing determination of pre-intubation SpO 2 and identification of any desaturation events. Among the remaining 110 cases, the median (25th, 75th percentile) pre-intubation SpO 2 maximum was 98% (92%, 100%).
Peri-intubation desaturation occurred in 43% (n = 47) of cases ( Figure 2 ). The majority (68%, n = 32) of these events were severe desaturations, which occurred more frequently in cases with a prehospital respiratory diagnostic impression compared to other diagnostic impression categories (p = 0.03). There was no difference in the incidence of desaturation between RSIs performed on scene versus during transport (43% vs. 41%, respectively; p = 0.81).
The occurrence of desaturation events was significantly associated with the maximum pre-intubation SpO 2 (any desaturation: 95% [90%, 97%] vs. no desaturation: 99% [96%, 100%]; p < 0.001), and there was a progressive decrease in rates of any desaturation and severe desaturation as pre-intubation SpO 2 increased above 90% (Figure 3 ). Among the 47 cases with any desaturation, the median nadir SpO 2 was 71% (36%, 79%) and the median desaturation duration was 120 (81, 212) seconds. The median nadir SpO 2 was markedly lower and the median desaturation duration was markedly longer for respiratory patients compared to patients in other prehospital diagnostic impression categories (Figure 4 ). The median desaturation duration was significantly longer for desaturation episodes occurring in cases requiring multiple intubation attempts versus cases with first-attempt success (165 [120, 270] seconds vs. 90 [60, 150] seconds; p < 0.001). Among cases with any desaturation, desaturation duration was at least 2 minutes in 46% of cases with first-attempt success and in 100% of cases requiring multiple attempts.
Although the frequency of desaturation was significantly higher in cases requiring multiple laryngoscopic attempts versus a single attempt (70% vs. 37%; p = 0.01), 70% of all desaturations occurred on firstattempt intubation success ( Figure 5 ). Only 11% of desaturations were reflected in the EMS patient care report.
Peri-intubation Heart Rate
Fourteen cases exhibited loss of ECG monitoring during the peri-intubation interval, preventing determination of pre-intubation HR and identification of peri-intubation HR changes. Among the remaining 120 cases, the baseline pre-intubation HR was 96 (84, 116) bpm. Changes in HR during the peri-intubation period were variable, with HR increasing in 54% and decreasing in 28% of cases; 18% of cases exhibited both increases and decreases from baseline at different times during the peri-intubation period. Decreases in HR were significantly more common (62% vs. 36% of cases, p < 0.01) and larger in magnitude (−28% [−9%, -56%] versus −14% [−6%, −20%] change from baseline; p < 0.01) among cases with versus without desaturation, respectively.
Overall, 15 patients (13%) developed bradycardia during the peri-intubation period, with eight (7%) progressing to profound bradycardia. The frequency of bradycardia was not statistically significantly different for cases requiring multiple laryngoscopic attempts versus a single attempt (25% vs. 9%; p = 0.08). Sixty percent of bradycardia events occurred on first-attempt intubation success, and 53% occurred in patients with a prehospital respiratory diagnostic impression. Of the 14 bradycardia cases with available SpO 2 data, 12 (86%) had concomitant desaturations, with a median SpO 2 nadir of 30% (12%, 44%) and median desaturation duration of 324 (227, 447) seconds. Similarly, 50% of the profound bradycardia events occurred on first-attempt success, 88% occurred in respiratory patients, and all occurred in conjunction with severe desaturation. Preintubation shock index did not differ between cases with versus without peri-intubation bradycardia (0. 
Peri-intubation Blood Pressure
Paired pre-intubation and post-intubation blood pressure measurements were available for analysis from 120 cases. Median pre-intubation SBP was 133 (115, 153) Overall, two of 134 patients (1.5%) developed cardiac arrest requiring CPR following RSI. Both cardiac arrests occurred in respiratory patients, following successful intubation requiring one and three laryngoscopic attempts.
A hypertensive response to RSI was observed in 40 (33%) cases, with SBP increasing from a baseline of 118 (97, 145) mmHg to 169 (139, 196) mmHg. A hypertensive response was observed more frequently when the first available post-intubation SBP was acquired ࣘ3 minutes after intubation versus > 3 minutes (46% vs. 28%; p = 0.05). There was no difference in the likelihood of a hypertensive response between cases with versus without first-attempt success (33% vs. 35%, respectively, p = 0.87). Among the 16 cases with lidocaine pretreatment, paired blood pressure measurements were available in 12, and a hypertensive response was observed in two (17%). Paramedics customarily documented each intermittently acquired blood pressure measurement, and thus 75% of the instances of absolute hypotension, 88% of the instances of a hypotensive response, and 85% of the instances of a hypertensive response were evident in the EMS patient care report.
DISCUSSION
We conducted an observational study of vital signs alterations occurring during prehospital RSI performed by ground-based paramedics in a metropolitan county EMS system. Our primary goal was to leverage continuous physiologic monitoring data to attempt to FIGURE 3. Probability (with 95% confidence interval) of any desaturation (light grey) and severe desaturation (dark grey) associated with different ranges of maximum pre-intubation SpO 2 . Median (25th, 75th percentile) change in SpO 2 from pre-intubation maximum to nadir during intubation is indicated below each SpO 2 range. identify quality improvement opportunities pertinent to our EMS system that are not evident from standard documentation of the patient encounter. Several significant observations emerged from analysis of this cohort of 134 RSI procedures. Oxygen desaturation during intubation was common, more than half of the desaturation events were severe, and most desaturations occurred on first-attempt intubation success. The incidence of desaturation varied among prehospital diagnostic impression categories, with a respiratory diagnostic impression associated with more frequent, more severe, and more prolonged desaturations, as well as a higher incidence of accompanying bradycardia, hypotension, and peri-intubation cardiac arrest. Within the constraints of intermittent oscillometric blood pressure measurements, peri-intubation hypotension was observed infrequently, while a significant peri-intubation hypertensive response occurred in one-third of cases. Finally, peri-intubation derangements of continuously-monitored physiologic parameters (SpO 2 and HR) were rarely captured in the standard patient care report.
Details of peri-intubation physiologic alterations have been reported in many studies, spanning most of the clinical settings in which emergency RSI is performed (9, 10, . However, there is substantial heterogeneity in both the characteristics and findings of these studies. Important differences in factors such as case mix, drug regimens, provider level, procedural exposure volume among individual providers, and clinical environment complicate extrapolation of particular study findings to disparate circumstances. Additionally, variability in data sources has been identified as a factor that likely contributes to the wide variability in reported incidence of peri-RSI physiologic changes (13, 24, 34) . Among studies of prehospital paramedic-performed RSI, most have focused on procedural success rates and have not reported on physiologic derangements during the RSI attempt (41) (42) (43) . The few exceptions have been limited to cohorts of TBI or air medical transported patients, which likely do not reflect the full spectrum of baseline characteristics and pathology among patients meeting RSI indications in a system such as ours (13, 14, 16, 20) . These considerations motivated us to prospectively study peri-RSI physiology in our own EMS community, both to address this gap in the published evidence and to provide more pertinent guidance for our quality improvement program.
In our study, oxygen desaturation during RSI occurred in 43% of cases, with 29% of cases exhibiting a drop in SpO 2 to below 80%. A number of studies in other patient cohorts or clinical settings have similarly reported frequent occurrences of desaturation during emergency RSI, particularly when electronic vital signs data capture was employed. For example, in a cohort of 54 TBI patients receiving prehospital RSI, Dunford et al. (13) (29) reported a 36% incidence of desaturation to an SpO 2 < 80%.
In patients with severe TBI, episodes of hypoxemia are a potent cause of secondary brain injury and have been associated with significantly worse outcomes (3) (4) (5) (6) , particularly when there is coexisting hypotension (8) . Avoiding desaturation during intubation is thus a critical goal in these patients. A similar hazard likely exists for patients with other types of acute brain injury (7) . On the other hand, in patients without acute brain injury, the impact on patient outcomes of a transient or shallow desaturation without other concomitant deterioration has not been well elucidated. Exposure to brief episodes of hypoxemia is understood to be not harmful in healthy individuals, provided there is no coexisting systemic hypotension or vital organ ischemia (44) . However, for individuals who are already physiologically compromised and undergoing emergency RSI, the development of desaturation may presage imminent hemodynamic deterioration (1, 2, 9) . Thus even when peri-intubation desaturations do not occur in the presence of acute brain injury and are not severe enough to produce hemodynamic sequelae, they serve to indicate "near miss" events of significance for patient safety and quality improvement initiatives (45) .
Various studies have described a significant association between multiple intubation attempts and an increased rate of procedural complications, including peri-intubation physiologic derangements (15, 27, 32, 46) . Consequently, in the ongoing discourse around emergency airway management, a strong emphasis exists on achieving first-attempt intubation success in order to minimize such complications. What may be obscured by this focus on the risks associated with multiple intubation attempts is the large absolute number of physiologic derangements occurring on first-attempt success. In our study, 70% of all desaturations, 60% of bradycardia episodes, 63% of hypotension episodes, and one of the two cardiac arrests occurred on first-attempt success. In the study by Bodily et al., while desaturation was three times more likely to occur in cases with multiple intubation attempts than with first-attempt success, 59% of all desaturations actually occurred on first-attempt success (32) . In another emergency department study, Kim et al. reported that 36 of 41 (88%) peri-intubation cardiac arrests occurred on first-attempt success (30) . While these observations are a mathematical consequence of the fact that first-attempt success is achieved in a large proportion of cases, they also reinforce the fact that firstattempt success -the traditional measure of intubation quality -is not a reliable indicator of patient safety. Thus while there may be a greater risk of physiologic derangements with multiple intubation attempts, there may be a greater absolute number of such derangement events occurring with first-attempt success, and for maximum quality improvement impact it would be important to understand and address specifically these "near miss" events occurring on first-attempt success.
The combination of standard written documentation and electronic monitoring data that was the basis of our analysis does not allow definitive determination of the reason for the high rate of physiologic derangements on first-attempt success. However, one contributing factor would appear to be a prolonged duration of these successful intubation attempts. In our study, nearly half of desaturation episodes occurring on first-attempt success lasted at least 2 minutes. Similarly, the presence of prolonged desaturations on first pass success -indicative of prolonged attemptscan be inferred from the data reported in several prior studies (13, 32, 33) . Prolonged first-attempt intubations precipitating prolonged desaturation might be a consequence of lack of awareness of the passage of time during an intubation attempt, or lack of awareness of the occurrence of desaturation. It is known that the stress of complex procedures and critical incidents can compromise an individual's situational awareness (47) (48) (49) . In an emergency department study, Cemalovic et al. found that physicians performing RSI significantly underestimated the duration of their intubation attempts, and also under-recognized the occurrence of desaturation, even when declining saturation values were announced out loud by an assistant during the procedure (33) .
Alternatively, prolonged desaturations on firstattempt success could be an unintended consequence of the focus on first-attempt success itself and the common use of first-attempt success as a primary measure of intubation quality. Particularly in a setting of diminished situational awareness, this emphasis on first-attempt success might inadvertently encourage unwarranted prolongation of first intubation attempts, paradoxically contributing to the physiologic derangements that such a focus on procedural efficiency is intending to prevent. From our data we cannot discern whether a primacy of first-attempt success over other procedural goals may have affected intra-attempt decision-making. However, anecdotally we have found this to occur, and others have noted the potential for inappropriate extrapolation from the notion of first-attempt success as a vital prospective goal -which warrants optimal planning and preparation for an RSI procedure -to a continued prioritization of first-attempt success even after an intubation attempt is well underway (50) . Given the significant number of "near miss" events on first-attempt success that are evident in our study and others, it may be valuable in the discourse surrounding emergency RSI to more explicitly emphasize that the goal of targeting firstattempt success in preparation for an intubation attempt is superseded by a goal of prompt and appropriate response to developing physiologic derangements once the intubation attempt has commenced.
Abrupt and often transient changes in blood pressure can occur as a consequence of anesthesia induction, laryngoscopy, tracheal intubation, and initiation of positive pressure ventilation (1, (51) (52) (53) (54) (55) (56) . While intermittent oscillometric blood pressure measurement is not an ideal technique for characterizing the precise amplitude and temporal profile of such changes, it has been the basis of most prior explorations of periintubation hemodynamics during emergency RSI (12, 14, 17, 22, 23, 26, 31) . In our study, a significant increase in blood pressure in response to RSI occurred in onethird of cases. Prior investigations of prehospital RSI have also observed a high incidence of this hypertensive response. In a cohort of trauma patients, using a similar anesthesia regimen to ours, Perkins et al. observed a significant hypertensive response in 70% of cases, with a similar magnitude of SBP increase as we observed (mean 41 [95% CI: 31-51] mmHg, vs. median 41 [31, 55] mmHg in our study) (26) . We observed a hypertensive response more frequently among cases in which the first post-intubation blood pressure was measured promptly following intubation, suggesting that the true incidence was higher than the 33% that we were able to detect. Similarly, the intermittent nature and variable timing of the blood pressure measurements likely resulted in an underestimate of the true magnitude of acute blood pressure elevation in these cases. While such large spikes in blood pressure may be well tolerated by many individuals, they may be less safe in certain patients such as those with acute cardiovascular or intracranial pathology (1, 57, 58) .
On the other hand, hypotension in response to RSI poses a hazard for all patients. Hypotension can exacerbate the impact of hypoxemia in vulnerable patients (8) , increase in-hospital length of stay and mortality (22) , and directly precipitate cardiac arrest (1, 2) . Of the 8 cases we observed with hypotension developing promptly after intubation, 4 recovered to normotensive status by the next blood pressure measurement, two remained hypotensive through arrival at the emergency department, and two continued to deteriorate into cardiac arrest. Peri-intubation arrest rates of up to 3-4% have been reported in studies of emergency RSI, underscoring that peri-intubation physiologic derangement in any patient represents a potentially critical safety threat (10, 21, 28) .
Among the cases in our cohort with any combination of desaturation, bradycardia, or hypotension, desaturation was the sole finding or a component of the physiologic derangement in 85%. These desaturations occurred predominantly on first-attempt intubation success, appeared to be rarely recognized by the providers, and thus represented the most significant target for quality improvement. Various strategies have been identified in the literature to optimize preoxygenation, maximize safe apnea time, and reduce the incidence of peri-RSI desaturation. In response to our findings, a number of such strategies were incorporated into a new Spokane County EMS "Optimal Sequence Intubation" (OSI) protocol (59), including: head-elevated patient positioning (60), non-rebreather mask oxygen delivered at the maximum available flowmeter setting (61), use of CPAP or bag-valve-mask with a PEEP valve if SpO 2 > 93% cannot be achieved via non-rebreather mask (62) , and apneic oxygenation via nasal cannula (63) . In addition, the OSI protocol implemented a "pit crew" approach, similar to that already in use in our system for cardiac arrest management, that includes tasking BLS providers with ensuring patient sensor attachment throughout the procedure, maintaining vigilance on vital signs, accurately recording key process steps with time-stamped events on the monitor, and providing a countdown to the onset of paralysis to avoid initiating laryngoscopy too early.
LIMITATIONS
Our study was conducted in a single county EMS system with specific provider and RSI protocol characteristics, and our findings may not be generalizable to EMS systems or emergency airway management settings with significantly different characteristics. Multiple components of emergency RSI can contribute to peri-intubation physiologic derangement, and our data are insufficient to determine which specific factors were most responsible for the vital signs alterations we observed. While there were no associations between RSI medication doses and any observed derangements, the standard EMS documentation did not allow us to confidently determine other factors such as the duration of pre-oxygenation or duration of individual laryngoscopic attempts.
We were unable to obtain monitor data for a sizable number of RSIs performed during our study period, and therefore cannot exclude the possibility of selection bias impacting our findings. However, beyond the cases with technical issues on data download, which we believe occurred randomly, there were several additional considerations that gave us confidence that our analyzed cohort provided a representative baseline of RSI performance in our system useful for guiding quality improvement efforts. A number of cases were downloaded by supervisory personnel with a strong interest in the success of the study, rather than by the intubating paramedics, and capture of such cases was influenced by the random availability of those personnel to perform the download before the data were overwritten in the device memory. Download of the monitor data was a new process introduced at the beginning of the data collection period, and while the rate of successful downloads increased through the study, there was no difference in the rates of any desaturation or severe desaturation between the first half and second half of the data collection period (p = 0.98 and p = 0.77, respectively). Finally, there were no differences in the proportion of cases with an RSI indication of respiratory failure (p = 0.45) or in the rate of first-attempt success (p = 0.32) between cases with versus without monitor downloads.
The sampling interval of the SpO 2 data we analyzed was not ideal for precise characterization of the contour of SpO 2 changes during peri-intubation desaturation. It is possible that some brief desaturations occurred which we could not detect. It is also likely that the nadir SpO 2 values we measured sometimes underestimated the true nadir. However, any desaturations that went undetected in our study were by definition very transient and therefore also likely to be relatively shallow. The median desaturation duration of 120 seconds that we measured is in a similar range as the median durations of 160 (13) , 176 (20) , and 80 (32) seconds reported in studies using shorter SpO 2 sampling intervals. Extrapolating from the data reported by Bodily et al., we would have detected more than 90% of the desaturations they identified with their SpO 2 sampling interval of 5 seconds (32) .
Similarly, it is likely that the intermittent noninvasive blood pressure measurements sometimes underestimated the magnitude of peri-intubation blood pressure changes. During our study, EMS providers typically measured blood pressure in preparation for anesthesia induction and then again only after confirmation of endotracheal tube placement. The true proportion of cases with hypertensive or hypotensive responses during the RSI sequence may be higher than we observed.
Finally, we did not have hospital care or disposition data for our patient cohort, and thus our study is unable to address the question of whether the physiologic alterations we observed during the prehospital peri-RSI period impact downstream patient outcomes.
CONCLUSIONS
In this study of paramedic-performed RSI, periintubation oxygen desaturation was common, with the most severe and prolonged desaturations, and the highest incidence of accompanying cardiovascular instability, occurring disproportionately in patients with a respiratory diagnostic impression. Few of the peri-intubation physiologic alterations identified from electronic monitoring data were evident in the standard patient care documentation, while the majority of such events occurred on first-attempt intubation success, reinforcing the notion that first-attempt success is an incomplete and potentially deceptive measure of intubation quality. Supplementing the standard patient care documentation with electronic monitoring data can identify numerous unrecognized "near miss" patient safety events and provide valuable guidance for quality improvement interventions.
